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Why accreting neutron stars?

Excerpt from The X-ray Sky Feb. 96–Nov. 99
Movie credits: ASM teams at MIT and GSFC (http://xte.mit.edu)



In this talk, I’ll address...

• What we can learn from accreting neutron stars

• The fate of accreted matter, and deep nuclear heating (also see talk by H. 

Schatz, next)

• Probing the internal structure of accreting neutron stars

• Soft X-ray transients (with Bob Rutledge, Lars Bildsten, Slava Zavlin, & 

George Pavlov; Michelle Ouellette) 

• Superbursts



Cooling Neutron Stars

D. G. Yakovlev et al.: The cooling neutron star in 3C 58 L25

plot from
 Yakovlev et al. (2002)

• For Teff < 105–106 K ν-emission 

dominate cooling

• modified Urca

ρεν ~ T8

• direct Urca

ρεν ~ T6

• May need a range of ρc (M) to fit 

observations (Tsuruta et al. 2001; 
Kaminker et al. 2002, Yakovlev et al. 
2002)

• Drawbacks

• Poorly understood spectra

• Small numbers

nn→ npeν̄e

n→ peν̄e

Differences in envelope composition also important
 (Page et al. 2004)



Accreting neutron stars

• ≈100 neutron stars are in tight 
binaries Porb < 1 day with a 

stellar-mass companion

• Evolution of the secondary, 
angular momentum losses 
(winds, grav. rad.) cause 
overflow of Roche tidal radius

• H-, He-rich matter is 
transferred onto neutron star

• Weakly magnetized (B < 108–9 

G)
Artwork credit: NASA



Accretion replaces the crust

v= !
dm

dt

See talk by H Schatz!

XRB from 1820-30, courtesy 
T. Strohmayer



Deep Nuclear Heating
following Haensel & Zdunik 1990, 2003

Neutron drip; 
EF ≈ 30 MeV

Pycnonuclear reactions 
release Qnuc ≈ 1.1–1.5 MeV
per accreted nucleon



Can this heating be observed?
Lightcurves courtesy of A

SM
 team
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For steady accretors, no
Egrav ~ 200 MeV/nucleon

But many sources accrete 
transiently



Thermal emission from quiescent 
transients

plot from Rutledge et al. 2001

Thermal emission first detected (with 
EXOSAT) from Cen X-4 (van Paradijs 
et al. 1987)

Blackbody spectral fits imply 

H atmosphere spectra give 
reasonable radii (Rem ≈ 10 km)

Lq ≈ 2× 1033 ergs s−1

Rem < 1 km



Thermal emission: simple estimate

Crust reactions heat the core at a rate

Compare Qnuc with the gravitational binding energy per nucleon

In steady-state, this heat is re-radiated during quiescence, so that

〈L〉 = η
〈Ṁ〉
mu

Lq = Qnuc
〈Ṁ〉
mu

Fq = 〈F〉Qnuc

η

Brown, Bildsten, & Rutledge 1998

←No ν-cooling!

η ≈ 200 MeV



Observed neutron star transients
 B

row
n &

 R
utledge, in preparation

Time-averaged flux 〈F〉 measured with RXTE/ASM where possible

Flux-flux plot is independent of distance!

Fq
= 〈F〉

Q nuc

η

= 〈F〉
1
163

Gloamars



Measuring ν-cooling with neutron star 
transients

“slo
w” Q ν

“fas
t” Q ν

• Compute quiescent 
luminosity for different 
core models

• Applicable when 
heating during 
outburst is ≪ heat 
content of crust

• Colpi et al. 2001; 
Yakovlev et al. 2003; 

• slow: mod. urca

• fast: direct Urca for r < 5 
km 

Compilation of observations by Brown & Rutledge, in preparation



The one about the radius

• Unlike cooling neutron 
stars, spectra of 
accreting neutron stars 
are simple

• Weakly magnetized

• Strong gravity 
rapidly stratifies 
atmosphere: pure H, 
no lines

• Enhanced emisssion 
at higher E; opacity 
∝T-7/2

Plot from Zavlin, Pavlov & Shibanov (1996)

V. E. Zavlin, G. G. Pavlov and Yu. A. Shibanov: Model neutron star atmospheres with low magnetic fields 9

Fig. 5. Spectral fluxes of emergent radiation for hydrogen, helium and iron atmospheres with different values of log Teff (numbers
near the curves). Dotted curves show the corresponding blackbody fluxes πBν(Teff).

Fig. 6. Spectral fluxes emergent from helium atmospheres with
Teff = 105 K and different surface gravities g = g14 × 1014 cm
s−2: g14 = 0.5 (dashed curve), g14 = 2.43 (solid) and g14 = 4.5
(dot-dashed).

ous stages of ionization. Generally, they are closer to the
blackbody spectra, and their high-energy tails are, on av-
erage, softer than those emitted from light element atmo-
spheres; their low-energy tails lie only slightly below the
blackbody (Rayleigh-Jeans) spectra. The reason is that
the energy dependence of the iron opacities, in spite of
its complexity, is, on average, flatter than that for H and
He. This makes the emergent spectrum to be closer to the
grey atmosphere spectrum which, in turn, only slightly
differs from the blackbody spectrum. However, the local
deviations from the blackbody spectra are quite substan-
tial, especially in the regions of the photoionization edges,
and strongly dependent on the effective temperature.

Figure 6 demonstrates how the gravitational accelera-
tion affects the spectral flux emitted by the helium atmo-
sphere with log Teff = 5.0. The effect is seen most vividly
in the Lyman continuum of HeII (E > 54 eV): the Ly-
man discontinuity becomes progressively smoothed, and
the trough at E ∼ 0.1 keV becomes shallower, with in-
creasing g. This occurs because the density grows with
g and the pressure effects smooth out the photoioniza-
tion jump in the opacity spectra (Zavlin et al. 1994). The
gravity effect (pressure broadening) is also seen in the pro-
files of the absorption lines, particularly of the 20 eV line
of HeI. At higher temperatures, when the light element
atmospheres are strongly ionized and the spectra are con-
tinuous, the gravity effect becomes insignificant. In the
case of iron composition the effect of surface gravity can
be seen at higher temperatures.



Name
R∞

(km/D)

D

(kpc)

kTeff,∞
(eV)

NH

(1020 cm-2)
Ref.

omega Cen
(Chandra)

13.5 ± 2.1 5.36±6% 66+4
-5 (9)

Rutledge 
et al (2002)

omega Cen
(XMM)

13.6 ± 0.3 5.36±6% 67±2 9± 2.5
Gendre 
et al (2002)

M13 
(XMM)

12.6 ± 0.4 7.80±2% 76±3 (1.1)
Gendre
et al (2002)

47 Tuc X7
(Chandra)

34+22
-12 5.13±4% 84+13

-12 0.13+0.06
-0.04

Heinke et al 
(2003)

M28
(Chandra)

14.5+6.9
-3.8 5.5±10% 90+30

-10 26± 4
Becker
et al (2003)

Distances: Carretta et al (2000), Thompson et al (2001)

Caveats: 

•  All but 47 Tuc ID’d by X-ray spectrum

•  3–5% calibration uncertainties

•  In omega Cen and 47 Tuc, binary counterpart was found after X-ray spectral 
identification. 

The best-measured neutron star radii
Table courtesy Bob Rutledge



Radius constraints on eos

z=1.35

Lattimer & Prakash 2001



Superbursts—they are indeed super!

44 as about 9.2 kpc (Van Paradijs and White 1995).
44 was the first X-ray burster for which an opti-

cal counterpart was found: V926 Sco (McClintock et al. 1977).
From optical photometry an orbital period of 4.65 hrs was de-

The Wide Field Camera experiment (Jager et al. 1997) is lo-
cated on the BeppoSAX platform which was launched early
1996 (Boella et al. 1997). It comprises two identically designed
coded-aperture multi-wire Xenon proportional counter detec-

40 degrees full
width to zero response, which makes it the largest of any flown
X-ray imaging device with good angular resolution. The angular

, depending mainly on the
signal-to-noise ratio. The photon energy range is 2-28 keV, and

shadowgrams of multiple sources. To reconstruct the sky image

Since the fall of 1996, the Wide Field Cameras observe
the field around the Galactic Center on a regular basis during
each fall and spring. The first campaign was a nine-day near-
continuous observation from August 21 until August 30, 1996.

35 minutes per orbit, is lost due to

from
 C

ornelisse et al. 2000

Burst from 4U1820–30; Strohmayer & Brown 2002



Superbursts

• For 4U 1636-536, 3 bursts over 4.7 years (Wijnands 2001, Kuulkers 
2004)

• Mean recurrence time ~ 1.5 yr (in’t Zand 2004)

• Duration: 2–12 hrs (Kuulkers et al. 2002)

• Energetics: E < 1042 ergs

• Fuel:

• 12C ignition (Cumming &  Bildsten 2001), X=0.1

• photodisintegration of heavy nuclei (Schatz et al. 2003), 

• Use cooling timescale (burst quenching) to get ignition column 
(Cumming & MacBeth 2004)



• Bursts should be either very energetic...

• 1044 ergs per (10–100 yr) (Taam & Picklum 1978)

• ...or the local accretion rate should be large (eg, magnetic channeling)

• 1041 ergs per (hrs–days) for very high accretion rates (Brown & 
Bildsten 1998)

Prior estimates of recurrence times and energetics 
for pure carbon ignition

Enuc = CT/τEnuc = Eν
dM

/dt

NB. column depth ≡ −∫ ρ dz



eg, Fujimoto et al. 1987

Without deep heating...



With deep heating...

L128 CARBON FLASHES IN HEAVY-ELEMENT OCEAN Vol. 559

Fig. 1.—Thermal profiles and ignition curves in the deep ocean of an ac-
creting neutron star. The ignition curves are shown as upper and lower dotted
lines for and 1.0, respectively. The long-dashed curve shows whereX p 0.112

for 104Ru (the equivalent curve for 12C lies off the right of the plot).G p 173
The temperature as a function of column depth for a 12C–104Ru mixture with

is shown in the two upper curves, while the lower two curves areX p 0.112

for a pure 12C ocean. We show two accretion rates, (solid curves)˙ ˙m p 0.3mEdd

and (dashed curves). We take . These profiles end at the˙ ˙m p m Q p 1Edd 17

depth where 12C ignites, as defined by eq. (4).

Potekhin et al. 1999). For , we find thatX K 112

1/3r T8 818 !1 !1 !1K ≈ 1.1# 10 ergs cm s K . (1)
2/3 1/3Z A

Integrating the heat equation, , together with hy-F p !KdT/dz
drostatic balance gives the temperature contrast required be-
tween two points (at pressure and ) to transport a heat fluxP P2 1

F (Bildsten & Cutler 1995; BB98):

2Z F P22 2T ≈ T " 690 ln , (2)8, 2 8, 1 ( )A F PEdd 2

where is24 !2 !1˙F p m (GM/R) p 8.8# 10 g ergs cm sEdd Edd 14

the Eddington flux for a , star.1.4 M 10 km,

The heat flux in the ocean is mainly that flowing out from
the crust, deposited there by electron captures and pycnonuclear
reactions (Haensel & Zdunik 1990; Brown 2000). We neglect
the small additional flux from compressional heating. We write

, where and is the local ac-17 !1˙ ˙F p Qm Q p 10 Q ergs g m17

cretion rate per unit area. Equation (2) then gives

2˙Q m Z P17 22 2T ≈ T " ln , (3)8, 2 8, 1 ( )˙g m A P14 Edd 1

where is the local Eddington ac-4 !2 !1ṁ p 8.8# 10 g cm sEdd

cretion rate for solar composition. In a study of the overall
thermal balance of the neutron star, Brown (2000) found that

for accretion rates !0.1 (i.e., of the ≈1 MeV nu-˙Q ≈ 1 m17 Edd

cleon!1 deposited in the crust, ≈10% escapes through the sur-
face; the rest is emitted as neutrinos from the inner crust and
core).
For , the second term in equation (3) is near˙ ˙m ≈ 0.1mEdd

unity for a pure 12C ocean ( ) but ≈6 times larger for2Z /A p 3
a 104Ru ocean [ ; ]. Thus, an ocean of2Z /A p 18.6 ln (P /P ) ≈ 82 1

heavy ashes is hotter than that of pure 12C at the same depth.
This is illustrated in Figure 1, which compares temperature
profiles for a pure 12C ocean and for a 12C–104Ru mixture with

. We show and and set˙ ˙ ˙ ˙X p 0.1 m p 0.3m m p m12 Edd Edd

. The dashed line is the crystallization condition forQ p 117
104Ru. The higher temperature of the 12C–104Ru ocean is critical
since it gives ignition at lower column densities, .y p P/g
The temperature profiles in Figure 1 stop at the depth where

12C ignites. BB98 showed that the condition for unstable 12C
ignition in a neutron star ocean is set by competition with con-
ductive cooling, so that a thermal runaway occurs when the local
nuclear-burning energy release, , satisfiese de /d ln T 1nuc nuc

, where is an approximation of the2de /d ln T e p rKT/ycool cool

cooling rate (e.g., Fujimoto, Hanawa, & Miyaji 1981) and the
nuclear reaction rates are as described in BB98. For the thermal
conductivity given by equation (1), , andde /d ln T p 2ecool cool

unstable ignition requires that

2rKT
ne 1 , (4)nuc 2y

where is the temperature sensitivityn { d ln e /d ln T ≈ 26nuc

of the fusion reaction. Ignition curves are shown in Figure 1
for two cases. The lower dotted line is for a pure 12C ocean
and matches that of BB98. The upper dotted line shows the
ignition curve for a 12C–104Ru mixture with . At aX p 0.112

given temperature, a larger column depth is needed for ignition
of a smaller abundance of 12C. However, ignition occurs sooner
for a 12C–104Ru ocean because it is hotter at a given depth.
For the pure 12C models of Figure 1, ignition occurs at y p

( ) for12 !2 13 !2 ˙ ˙2.1# 10 g cm y p 2.4# 10 g cm m p mEdd

( ). Writing the total burst energy˙ ˙m p 0.3m E pEdd burst

, or ,2 42 24pR yE X E p (7# 10 ergs) y X (R/10 km)nuc 12 burst 12 12

and recurrence time , we˙ ˙ ˙t p y/m p (0.36 yr) y (m /m)recur 12 Edd

find that pure 12C ignitions have recurrence times of 0.8 yr
(29 yr) and burst energies of (431.5# 10 ergs 1.7#

). These burst energies exceed the energy of the su-4410 ergs
perbursts by at least a factor of 10, although much of this energy
may escape as neutrinos (SB01). We show below that neutrino
emission is not relevant for the peak temperatures reached during
mixed 12C–104Ru flashes. For the 12C–104Ru models, ignition oc-
curs at ( ) for11 !2 12 !2 ˙y p 10 g cm y p 1.8# 10 g cm m p

( ), with a recurrence time of 13 days (2.2 yr)˙ ˙ ˙m m p 0.3mEdd Edd

and burst energy of ( ).40 426.9# 10 ergs 1.3# 10 ergs

3. ACCRETION RATE DEPENDENCES OF THE CARBON FLASHES

AND TIME-DEPENDENT BEHAVIOR

Not only must the thermal settling solution reach the ignition
curve but the 12C must survive to that depth. Thus, for a flash
to occur, the 12C lifetime to the fusion reaction, t ≈nuc

C
um

m
ing &

 B
ildsten 2001

Cumming & Bildsten proposed 
that thermal flux from crust 
reactions would lead to earlier 
ignition

• Steeper ∇T if ocean is not pure 
C

• Matched recurrence times and 
energetics

• Does not account for thermal 
balance in the crust

Thin-shell estimate for instability
(Hansen & Van Horn 1975)

!T ln"C > !T ln#



Ignition columns and recurrence times
B

row
n 2004, A

pJ Letters

dM/dt = 3.0×1017 g⋅s-1

factor of 20 in trecur  



Recent discovery (in’t Zand et al. 2004) of 
superbursts at large dM/dt = 1018 g s-1

B
row

n 2004trec = 1 yr

trec = 4 wks
Consistent with in’t Zand et al. (2004)

observations



Cooling after a long outburst
Rutledge et al. 2002; also Wijnands 2001

Rutledge et al. 2002
Ouellette & Brown, in preparation

10
-1

10
0

10
1

10
2

10
3

Time (yr)

0.1

1

10

L
q
 (

1
0

3
3
 e

rg
 s

-1
)

ei, std

ei, enh

ep, std

ep, enh

10
12

10
13

10
14

10
15

10
16

10
17

10
18

Column depth (g cm
-2

)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

T
em

p
er

at
u

re
 (

G
K

)

Also had a superburst!



Summary

• accreting neutron stars offer several probes into the nature of dense 
matter

• soft X-ray transients

• spectra reasonably well-understood: fit R

• measurements of Lq over time

• superbursts

• recurrence time energetics sensitive to thermal state of deep crust 
and core


